Purpose -The purpose of this research is to develop a holistic approach to maximize the customer service level while minimizing the logistics cost by using an integrated multiple criteria decision making (MCDM) method for the contemporary transshipment problem. Unlike the prevalent optimization techniques, this paper proposes an integrated approach which considers both quantitative and qualitative factors in order to maximize the benefits of service deliverers and customers under uncertain environment.
1.

Introduction
The contemporary transshipment problems have become one of the most popular and important issues not only in the land logistics and the air logistics, but also in the marine logistics. It is an extension of the transportation problem which is a critical area of supply chain and logistics management that may lead to cost reductions and improved services for companies to make higher profits and to become more competitive. For the transportation problem, it is assumed that a commodity can only be shipped from an origin to a destination.
In many real-life situations, it is also possible to distribute the commodity through the points of origins or through the points of destinations. Sometimes, it might be advantageous to distribute a commodity from an origin to an intermediate or a transshipment point before shipping it to a destination. The transshipment problem allows for these shipments.
Traditionally, a network that incurs the lowest total distribution cost or requires the minimum total delivery distance was regarded as an optimal solution to the transshipment problem (Winston, 2003) . However, this kind of network cannot enhance the competitive advantages of companies in nowadays. Besides focusing on quantitative factors, sufficient attention must be paid to the qualitative factors such as customer service or satisfaction.
In the contemporary supply chain management theory, maximization of customer service level is as important as minimization of costs/distance for a company to make profit and increase competitiveness. Customer service level can be measured by various quantitative and qualitative elements, including product delivery time, customer response time, consistency of order cycle time, accuracy of order fulfillment rate, flexibility in order quantity, flexibility in product specification, ability to respond to market changes, risks management level, and so on (Ballou, 2004; Kengpol, 2008) . The higher the customer service level, the higher the probability for customers to repeat orders and for companies to win market shares. Undoubtedly, both viewpoints of deliverer and customer must be considered in designing an optimal distribution network in the contemporary supply chain management.
In this paper, an improved and generalized integer linear programming (ILP) model was formulated to solve the problem of multi-criteria transshipment service network design.
The model, which integrates the fuzzy set theory and analytic hierarchy process (AHP), is to minimize logistics costs of company and maximize service level of its customers under uncertain situations. Unlike the prevalent cost-based or precision-based optimization techniques, the proposed approach considers both quantitative and qualitative factors and also aims at maximizing the benefits of deliverer and customers. This can help the supply chain to reduce costs, increase efficiency and flexibility, enhance the satisfaction level of customers and its own competitiveness is therefore improved.
Literature review
For the multi-criteria decision making (MCDM) problems, many precision-based or fuzzy-based MCDM techniques have been proposed in recent years, including mathematical
programming, heuristic algorithms, and other different methods. Here, the "precision" refers to the concept of accurate measure and crisp evaluation, whereas the "fuzzy" means uncertain or vague measure and evaluation.
One of the most prominent MCDM techniques is AHP (Ho, 2009 ) developed by Saaty (1980) which is a general theory of measurement. Saaty (1990) Under certain situations, the values for the qualitative criteria of the MCDM problems are often imprecisely defined for the decision maker. It is not easy to precisely quantify the rating of each alternative and the precision based methods as stated above are not adequate to deal with the logistics distribution optimization problem (Chen, 2000) . Since human judgments including preference are often vague and cannot estimate his preference with an exact numerical value. A more realistic way is to use linguistic terms to describe the desired value and important weight of criteria, e.g. ''very low'', ''medium'', ''high'', ''fair'', ''very high'', etc. Due to this type of existing fuzziness in the distribution optimization process, fuzzy set theory is an appropriate method to deal with uncertainty, and the subjective evaluation data can be more adequately expressed in fuzzy linguistic variables. Fuzzy set 4 theory was developed exactly based on the premise that the key elements in human thinking are not numbers, but linguistic terms or labels of fuzzy sets (Bellman and Zadeh, 1970 conducted a fuzzy simple additive weighting system under group decision-making for facility location selection with objective/subjective attributes. Sharma and Jana (2009) presented a transshipment planning model for the petroleum refinery industry. The main objective of the model is to minimize the total transshipment cost, maximize production, satisfy storage requirements at depots, and meet the demand for oil in these sales areas.
To complement the presentation of the most relevant papers in this field, Table 1 summarizes the characteristics of the prevalent MCDM models and methods from the literature above. It can be seen that none of these models except the method proposed by this article concerns all the six characteristics so that there are some deficiencies or limitations in application. For example, some MCDM methods (Refs [7, [12] [13] [14] [16] [17] [18] [20] [21] in Table 1) were based on the deliverer's benefit priority instead of improving the customer's satisfaction.
Therefore, it is believed that the designed distribution network may not be customer effective.
For some other approaches (Refs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 19] in Table 1 ), the evaluation criteria used in AHP are all quantitative such as total cost, total delivery day, effectiveness of capacity utilization for warehouses, and so on whereas the qualitative factors such as flexibility of capacity and value-added services were neglected. These factors are crucial in the integrated logistics system because they affect the customer satisfaction directly. 
A multi-criteria transshipment problem
This paper introduces one of our partners in the automotive industry in China as an illustrative example. This partner is interested in assessing its new transshipmemt management strategy by using our method which attempts to transform it from a cost effective company to a service dominant one. Therefore, we obtain the relevant information as an illustrative example which consists of two manufacturing plants, four warehouses, and five customers (see Fig. 2 ). Here, the customers mean the company's automobile 4S (Sale, Sparepart, Service and Survey) shops. Finally, the finished products are shipped to the customers according to their requirements, d j .
The problem is how to fulfill each customer's order while not exceeding the capacity of any plant at minimum cost, c ij . The problem can be transformed as a conventional transportation model with (n-b) origins and (n-a) destinations, where n is the total number of nodes in the network (i.e., total number of plants, warehouses, and customers), a is the number of node that has supply only or so-called "pure origin", and b is the number of node that has demand only or so-called "pure destination". Any node that has both supply and demand is referred to as a transshipment point. The unit transportation costs, c ij , are often dependent on the travel distances between node i to node j. It is assumed that the cost on a particular route of the network is directly proportional to the amount of products shipped on that route. If there is no route connecting node i and node j or arc (i, j) does not exist, the cost is assigned to be infinite (∞). The cost of delivering one unit of product from node i to itself is zero. By introducing decision variables x ij to represent the amount of product sent from node i to node j, the cost-based transshipment model originally adopted by our auto-company partner can be written as is an availability constraint for the transshipment nodes (i = a + 1, a + 2, …, n -b). It is assumed that all origin nodes supply the transshipment nodes. Therefore, each transshipment node will have a supply equals the total available supply, S. Constraint set (3-4) is a requirement constraint for the transshipment nodes (j = a + 1, a + 2, …, n -b), whereas constraint set (3-5) is a requirement constraint for the pure destination nodes (j = n -b + 1, n -b + 2, …, n). For constraint set (3) (4) (5) , if a customer also acts as a transshipment node, he will have a demand equals to the summation of its original demand and total available supply (i.e., d j + S).
In the contemporary studies on service dominant supply chains, the logistics distribution network design is influenced by both deliverer and customers under fuzzy environment. Focusing on either maximization of company's profit or maximization of customers' satisfaction level is not the best way to optimize the logistics distribution problem.
In the following, a multi-criteria transshipment model is proposed to select an optimal set of warehouses and to determine an optimal product allocation under limitations of resources.
The objective function is the minimization of the total logistics cost, in which the fuzzy based AHP priorities of warehouses are incorporated as weighting factors. Those warehouses with higher AHP priorities have higher probabilities of being selected. In the other words, the objectives of the multi-criteria transshipment model are to minimize the total cost of the company while at the same time maximize the satisfaction level of its customers under uncertain situations.
In this case, each plant has a limited available capacity (i.e., s i ), whereas each customer has a unique order volume (i.e., d j ). The warehouses can be regarded as the transshipment points, each of which has a minimum throughput (i.e., q i ), a fixed cost (i.e., fc i ), and a unit inventory holding cost (i.e., hc i ). When plant/warehouse i is assigned to serve warehouse/customer j, it costs dc ij yuan per unit for delivery, which are shown above the arcs in Figure 2 . If the total amount of products assigned to warehouse i (i.e., 
x ij ≥ 0 and is a set of integers u i , v i , and w i = 0 or 1 
Fuzzy analytic hierarchy process
To solve the Model 3.2, the values of warehouse i priorities (wp i ) and the weighting factors for warehouse i (wf i ) should be firstly computed. FAHP, as a widely used decision-making method in many application fields under uncertain environments (Meixner, 2003) , is employed to compute them.
The analytic hierarchy process
The AHP is a multi-attribute decision tool that allows financial and non-financial, quantitative and qualitative measures to be considered and trade-offs among them to be addressed. It aims to integrate different measures into a single overall score for ranking decision alternatives (Saaty, 1980) . It consists of four following sequenced operations including hierarchy construction, local priorities assessment, global priorities calculation, and consistency verification. Table 3 , to enhance the transparency of decision making process. Because the comparisons are carried out through personal or subjective judgments, some degree of inconsistency may occur. To guarantee that the judgments are consistent, the final operation called consistency verification, which is regarded as one of the greatest advantages of the AHP, is incorporated to measure the degree of consistency among the pairwise comparisons by computing the consistency ratio (CR). If it is found that the amount of CR exceeds the limit or 0.10, the decision makers should review and revise the pairwise comparisons.
The fuzzy analytic hierarchy process -FAHP
The standard AHP cannot be directly applied to solving uncertain decision-making problems (Mikhailov, 2004) . In order to eliminate this limitation, the triangular fuzzy membership function and its fuzzy arithmetic operations are introduced in the AHP to fuzzify and calculate the pairwise comparison results, and thus the traditional AHP becomes the fuzzy AHP or FAHP (Meixner, 2009 ).
For the latter estimation of the importance of warehouse evaluation criteria, we use the FAHP method. Let A  represent a fuzzified reciprocal n·n-judgment matrix containing all pairwise comparisons between elements i and j for all i, j∈{1,2,…,n} 11 with l ij the lower and u ij the upper limit and m ij is the point where the membership function μ(x) = 1. The membership function μ(x) of the triangular fuzzy number may therefore be described as :
Where l denotes the probable minimum value of all the pairwise comparison result, m is the most probable value, and u is the probable maximum value. If l=m=u, the fuzzy number gets a crisp number.
For the two triangular fuzzy numbers ( ) ( )
Reciprocal:
The triangular fuzzy numbers are easy to use and interpret. In the fuzzy AHP, Saaty's 9-point scale of AHP (Saaty, 1995) should be made a shift accordingly which presents the linguistic variables and their corresponding triangle fuzzy numbers shown in Table 4 . Between moderate and strong (4.5, 5, 5.5) Strong (5.5, 6, 6.5) Between strong and very strong (6.5, 7, 7.5) Very strong (7.5, 8, 8.5) Between very strong and extreme (9, 9, 9) Extreme
As to the triangular fuzzy numbers which are continuous weights, this paper employs the popular center of gravity method (Driankov et al., 1996) to defuzzify them using equation
Based on the above, this paper develops a new fuzzy modification of the AHP which procedures are as follows.
Step 
where n denotes the number of elements, and ij ã refers to the fuzzy comparison number of element i to element j with respect to each criterion. The 9-point scale, shown in Table 4 , can be used to decide on which element is more important and by how much.
Step 2: Fuzzy-based AHP synthesization Divide each entry ( ij ã ) in each column of matrix Ã by its column summation.
The matrix now becomes a normalized pairwise comparison matrix, where R denotes the set of corresponding elements, i.e., R = {1, 2, …, n}.
Step 3:
Compute the average of the entries in each row of matrix A′ to yield column vector,
where c i and ~1 c denote the crisp weighting and fuzzy weighting of element i respectively. Here and the following, the equation (4-7) is used to defuzzify the relevant fuzzy triangular numbers.
Step 4: Fuzzy-based AHP consistency verification Multiply each entry in column i of matrix Ã by i c . Then, divide the summation of values in row i by c i to yield another column vector, 
where C refers to a weighted sum vector.
Step 5:
Compute the averages of values in vector C to yield the maximum eigenvalue
Step 6:
Compute the consistency index,
Step 7:
Compute the consistency ratio,
where RI(n) is a random index of which the value is dependent on the value of n, shown in Table 5 . If CR is greater than 0.10, then go to step 1 and reconstruct the fuzzy pairwise comparison matrix. Comparing with the known fuzzy prioritization methods in the AHP (Boender et al., 1989; Xu, 2000; Mikhailov, 2004) , it can be observed that the FAHP improved by this study does not require an additional fuzzy ranking procedure for comparing the final scores and ranking alternatives and can derive the local and global crisp priorities directly.
This point is very important, because different ranking procedures often give different ranking results (Gonus and Boucher, 1997; Mikhailov, 2004).
Numerical example of FAHP
For the multi-criteria transshipment problem of our partner introduced in Section 3, the transshipment decision-maker has to select a warehouse. Based on consultation with our collaborative company and with reference to the publications of Ballou (2004) and Kengpol (2008), five criteria have been chosen to evaluate the performance of alternative warehouses.
They include value-added services, total lead time, reliability of order fulfillment, flexibility of capacity, and quality. Their meanings and measurement measures are described below.
(1) Value-added services refer to any activities that facilitate customers (e.g., track-and-trace and 24-hour customer hotline) and the responsiveness of warehouses to customer special requests (e.g., secure packaging and urgent delivery). The measurement calculation is in qualitative data: very high, high, medium, low, very low.
(2) Total lead time comprises the time of handling inventory in warehouses, the time of storing/loading inventory in warehouses and the time of delivering products from warehouses to customers. The measurement is in time scale e.g. 1, 1.5, 2, 2.5, 3 or more days, etc.
(3) Reliability of order fulfillment consists of the accuracy of quantity fulfillment, the accuracy of due date fulfillment, and reliability of delivery time. The measurement calculation is in qualitative: very high, high, medium, low, very low.
(4) Flexibility of capacity refers to the ability of warehouses to respond to fluctuation in volume of customer orders. The measurement calculation is in qualitative data: very high, high, medium, low, very low.
(5) Quality involves the commitment of deliverer to provide high-quality products and the condition of products received by customers. It is also called the transshipment intact rate.
The measurement calculation is in percentage, e.g. <95%, >95% and <96%, >96% and <97%, >97% and <98%, >98% and <99%, >99% and <100%, 100%. For the different types of materials, the measurement calculation of intact rate is different in percentage.
The solution process is based on the proposed fuzzy modification of the AHP method.
The first step in applying the FAHP is to construct a (three level) hierarchy of alternative warehouses and criteria for choice, as shown in Figure 3 . , such that u ij > m ij > l ij .
After constructing the hierarchy and obtaining the related information of the five criteria and the alternative warehouses, two criteria are compared at a time with respect to the global goal by using the linguistic variables and their corresponding triangle fuzzy number scale (see detail in Table 3 and Table 4 ). The fuzzy comparison judgments with respect to the global goal are shown in Table 6 . To obtain the crisp weightings of these criteria, equations from (4-9) to (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) are used.
The local weightings (priorities) of the five criteria and the CR of the pairwise comparison matrix in Table 6 thus obtained are:
W c1 = 0.124, W c2 = 0.316, W c3 = 0.317, W c4 = 0.064, W c5 = 0.182 and CR = 0.033.
Since CR < 0.1, all initial fuzzy judgments are approximately satisfied. For example, the desired comparison ratio between "C3" and "C1", as seen in Table 6 is about 3, whereas the corresponding solution ratio is W c3 /W c1 = 2.56. Therefore, all comparison judgments are equally satisfied with the solution.
Once the pairwise comparisons have been made for the five criteria, the four possible warehouses are further compared with respect to the above five criteria at a time. The corresponding fuzzy pairwise comparison matrices are shown in Table 7 .
By applying the same method as above, the scores (priorities) of the alternative warehouses with respect to all criteria are derived, which are also shown in the last column of Table 7 . The judgments are all acceptable because the CRs are all below the maximum 0.10 level. After completion of all pairwise comparisons, the global weightings of the four warehouses, calculated by the AHP aggregation rule, are represented in the second last row of Table 8 . The aggregated weightings show that warehouse 3 or W3 has the best overall performance because it scores the highest weighting (wp 3 = 0.420), followed by W5 (wp 5 = 0.241), W4 (wp 4 = 0.191), and W6 (wp 6 = 0.157). Using the equation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , the weighting factors for warehouse i (i.e., wf i ) can be computed. That is: wf 3 = 0.196, wf 4 = 0.256, wf 5 = 0.273, wf 6 = 0.284.
Result analysis of the illustrative example
After obtaining the weighting factors of the alternative warehouses, Model 3.1 and Model 3.2 are employed to calculate the minimum cost and the minimum weighted logistics cost of the multi-criteria transshipment problem, respectively. The remaining necessary resource data of this illustrative example are represented in Figure 2 and Table 9 , provided by our collaborator. were not included. The optimal solution, solved using LINDO, of the model without incorporating the weighting factors is shown in Table 10 . Two warehouses were selected in the transshipment network, including W5 and W6. The total cost spent in setting up these two warehouses, holding inventory in the warehouses, and delivering products from the warehouses to their assigned customers is￥779,400 without incurring any penalty cost. 
To increase the company's competitiveness, the multi-criteria transshipment model 3.2 is used as the second analysis. In the contemporary supply chain, an optimal distribution network means that the total cost is minimized and also the customer satisfaction level is maximized. To achieve this goal, the fuzzy AHP priorities of warehouses transformed into the weighting factors were included in the model. Table 11 illustrates the optimal solution of the multi-criteria model. Two best warehouses were selected in the transshipment network, including W3 and W5, and the total logistics cost spent is ￥825,200. W3  W4  W5  W6  C7  C8  C9  C10  C11   P1  26400  --------P2  1600  -16000  ------W3  ----12000  -10000  -6000  W4 -
The comparison between fuzzy AHP priority ranking and the optimal solutions of the cost-based and multi-criteria models is summarized in Table 12 . From the above analysis, although the total cost of the optimal solution of Model 3.2 is slightly higher than that of Model 3.1, ￥825,200 vs. ￥779,400 (about 6% increase in cost), the summation of fuzzy AHP priorities of the selected warehouses is increased by about 66%, 0.661 vs. 0.398. This can definitely enhance the competitiveness of the company and also the satisfaction level of its customers.
For the first analysis, although it can be guaranteed that the total cost is lower, an acceptable customer service level may not be achieved. The lower summation of fuzzy AHP priorities of the selected warehouses means that some customer service elements are not in a favorable condition, for example long lead time, inaccurate order fulfillment, poor quality, low flexibility, and lack of value-added services. As a result, the satisfaction level of its customers will be decreased and most important, the chance of repeating orders may be affected.
Conclusions
This paper developed a holistic approach to solve the contemporary transshipment problem.
The key value of this research is in a methodology for integrating quantitative and qualitative analyses under fuzzy environment, in order to maximize the benefits of deliverer and
customers. The method is tested by a case company in China and the case company indicated that the FAHP-based ILP model have been helpful in transforming its operations towards a service dominant supply chain.
The FAHP-based ILP model synthesizes the advantages of the previous methods (see in Table 1 ) while overcoming their drawbacks. In this method, the fuzzy AHP was used to determine the relative importance weighting of alternative transshipment points with respect to the five evaluation criteria. The relative importance weightings or the fuzzy AHP priorities represent the ability of the alternatives in maximizing the satisfaction level of deliverer and customer. After assigning the priorities of the alternatives, the model incorporating the weighting factors transformed from the fuzzy AHP priorities was formulated to select the best 24 alternatives at the lowest possible logistics cost. The major advantages of this approach are that both quantitative and qualitative factors are considered simultaneously and also the viewpoints of the deliverers and customers are focused. Therefore, it is believed that this approach should be more useful and applicable than the traditional optimization techniques.
Limitations of the reported research lie in that only one case company was studied.
Considering the generalization of the research findings and the complexity of the transshipment service network, more cases across a broader range of industry sectors are necessary to further enhance the validity of the research output.
